Introduction
============

A bone's structure is dynamically maintained by bone remodeling, a process balanced by osteoblast-mediated bone formation and osteoclast-mediated bone resorption.[@b1-ijn-10-5941],[@b2-ijn-10-5941] Imbalances of bone remodeling usually suppress bone healing or lead to bone diseases such as osteoporosis and bone defects.[@b3-ijn-10-5941] Bone fractures are accidents that often occur in modern people. In addition, osteoporosis-related bone fractures are a major risk of inducing disability and even death.[@b4-ijn-10-5941] After a fracture occurs, bone healing can spontaneously take place in order to reestablish the original physical and mechanical properties of the tissue.[@b5-ijn-10-5941] Fracture healing comprises three separate stages: the early inflammatory stage, the repair stage, and the late remodeling stage. During bone healing, many systemic and local factors are involved.[@b4-ijn-10-5941],[@b6-ijn-10-5941] Osteogenesis, a continuous progression of osteoprogenitor proliferation, matrix maturation, and osteoblast maturation, is one such factor and plays a crucial role in stimulating fracture healing.[@b7-ijn-10-5941],[@b8-ijn-10-5941] Nevertheless, there is so far no effective drug developed for therapy of bone fractures. Thus, discovering proper biomaterials that can promote osteogenesis would be beneficial to establish alternative strategies for therapy of bone fractures and defects.

Chitosan was shown to promote bone remodeling, so it is generally used as scaffold matrices for management of bone trauma and tumors.[@b9-ijn-10-5941] Chitosan is widely used for cartilage tissue engineering, wound healing, and orthopedic applications because of its high biocompatibility, biodegradability, porous structure, and intrinsic antibacterial nature.[@b10-ijn-10-5941]--[@b12-ijn-10-5941] However, because chitosan scaffolds alone are not osteoconductive, the composite materials with chitosan are developed to imitate bone properties.[@b13-ijn-10-5941] The composites of chitosan with hydroxyapatite or calcium phosphate have been shown to improve bone healing.[@b14-ijn-10-5941],[@b15-ijn-10-5941] In comparison, electrospun products of chitosan possess higher surface areas and porosity.[@b16-ijn-10-5941] Previous studies showed that chitosan nanofiber scaffolds can be applied as a biomimetic extracellular matrix (ECM) to stimulate regeneration of neurons or proliferation of endothelia and smooth muscle cells.[@b17-ijn-10-5941],[@b18-ijn-10-5941] Furthermore, chitosan nanofibers can expand the resistance of porous scaffolds to compressive loading stress and thus provide greater structural protection to mesenchymal stem cells.[@b19-ijn-10-5941],[@b20-ijn-10-5941] Shin et al reported the biocompatibility of the chitosan nanofiber membrane and its biological effects on bone regeneration.[@b21-ijn-10-5941] In our laboratory, we have developed chitosan nanofibrous scaffolds and examined their beneficial effects on the proliferation and maturation of osteoblasts.[@b22-ijn-10-5941] Accordingly, electrospun nanofibers of chitosan have better properties and wider applications than its free form in biomedicine.

A large array of molecular and cellular events is involved in regulating bone development and fracture healing.[@b23-ijn-10-5941],[@b24-ijn-10-5941] These events are tightly linked by sequential expressions of osteoblast differentiation-related genes. Runt-related transcription factor 2 (Runx2) is implicated as an essential transcription factor for osteoblast differentiation and mineralization.[@b25-ijn-10-5941],[@b26-ijn-10-5941] Wohl et al reported that Runx2 expression is associated with osteogenesis and bone repair.[@b27-ijn-10-5941] Moreover, alkaline phosphatase (ALP) and osteocalcin (OCN) are two typical osteoblast biomarkers that participate in controlling osteoblast function and ECM mineralization in osteogenesis and bone remodeling.[@b28-ijn-10-5941],[@b29-ijn-10-5941] Previous studies demonstrated that upregulation of ALP and OCN in osteoblasts is directly correlated with cell differentiation and maturation.[@b7-ijn-10-5941],[@b28-ijn-10-5941] Takahashi et al further showed that Runx2 stimulated differentiation of multipotential mesenchymal ROB-C26 cells into mature osteoblasts by regulating OCN and ALP gene expressions.[@b30-ijn-10-5941] Furthermore, our previous study demonstrated the roles of Runx2 in mediating nitric oxide-induced osteoblast protection against apoptotic insults through regulating antiapoptotic *bcl-2* gene expression.[@b31-ijn-10-5941] Osteoblasts play a key role in bone formation.[@b2-ijn-10-5941] Interestingly, when we seeded osteoblasts onto chitosan nanofiber scaffolds, Runx2 signaling events were activated, and the growth and maturation of osteoblasts concurrently improved.[@b22-ijn-10-5941] To confirm our previous in vitro findings, this translational study was further aimed to investigate the effects of chitosan nanofiber scaffolds on bone healing using an animal model of bone defects and determine possible mechanisms from the viewpoint of Runx2-mediated regulation of ALP and OCN expressions.

Materials and methods
=====================

Materials
---------

Chitosan with a molecular weight of 210 kDa, trifluoroacetic acid (TFA), and 3,3′-diaminobenzidine were purchased from Sigma-Aldrich (St Louis, MO, USA). Dichloromethane (DCM) was purchased from Tedia (Fairfield, OH, USA).

Preparation of chitosan nanofibers
----------------------------------

Chitosan nanofibers were prepared according to our previous method.[@b22-ijn-10-5941] To produce optimal chitosan nanofiber products, various ranges of chitosan concentrations, applied voltages, distances between the needle and collector, feed rates, solution temperatures, and chamber temperatures were first examined ([Table 1](#t1-ijn-10-5941){ref-type="table"}). Finally, chitosan at 80 mg/mL was dissolved in TFA/DCM at a volume ratio of 7:3, and then the electrospinning mixtures were stirred for 24 hours into well-mixed homogeneous solutions. The tip-to-collector distance was 12 cm, and the applied voltage was 17 kV ([Table 1](#t1-ijn-10-5941){ref-type="table"}). The electrospinning setup used in this study consisted of three major components: a power supply using direct current that could generate a voltage of up to 30 kV, a 3 mL syringe with a metallic needle of a 0.65 mm inner diameter that could control the flow rate of a scientific pump (model 780/00, KD Scientific, Holliston, MA, USA), and a collector made from aluminum foil for fiber collection (KD Scientific).

Scanning electron microscopy
----------------------------

The surface morphologies of chitosan nanofiber scaffolds were scanned and photographed using scanning electron microscopy as described previously.[@b22-ijn-10-5941] At first, surfaces of the chitosan nanofibers were coated with gold. Then, samples were scanned at an accelerating voltage of 15 kV using scanning electron microscopy (JSM-6390LV; JEOL, Tokyo, Japan).

Animals
-------

All procedures were performed according to the National Institutes of Health Guidelines for the Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Taipei Medical University-Wan Fang Hospital (Taipei, Taiwan). Male C57LB/6 mice weighing 20--25 g were purchased from the Animal Center of the College of Medicine, National Taiwan University (Taipei, Taiwan). Before starting our experiments, mice were allowed to acclimatize for 1 week in animal quarters with air-conditioning and an automatically controlled photoperiod of 12 hours of light daily.

Bone defect model and implantation of chitosan nanofiber scaffolds
------------------------------------------------------------------

A metaphyseal bone defect in the proximal femur was produced following a method described previously.[@b32-ijn-10-5941] Briefly, mice were anesthetized with propofol (100 mg/kg body weight). One hole in each proximal femur was then expanded into a round metaphyseal bone defect using a blunt 1.0 mm drill bit fixed to a finger handle. Defects in both proximal femurs were drilled through the anterolateral cortical bone into the metaphyseal cancellous bone to the opposite cortex (depth: \~2 mm; [Figure 1](#f1-ijn-10-5941){ref-type="fig"}). Chitosan nanofiber scaffolds were rinsed in phosphate-buffered saline (PBS) (0.14 M NaCl, 2.6 mM KCl, 8 mM Na~2~HPO~4~, and 1.5 mM KH~2~PO~4~), subsequently exposed to ultraviolet light for 30 minutes, and then implanted into the bone defect site of the left femur as the scaffold-treated group. The right femurs were subjected to the same procedure as done in the left ones, but the bone defect sites were not treated with chitosan nanofibers and served as the control group. The wounds were sutured with 4.0 Nylon and observed. Animals were allowed free unrestricted weight bearing after recovery from anesthesia. The body weights were measured after surgery. In this study, the mice (n=9) were sacrificed on day 21 after implantation of the chitosan nanofiber scaffolds.

Assessment of hepatotoxicity and nephrotoxicity
-----------------------------------------------

Toxicities of the chitosan nanofiber scaffolds to the liver and kidneys were assayed using histological analyses as described previously.[@b33-ijn-10-5941] After implantation of chitosan nanofiber scaffolds for 21 days, the animals were sacrificed, and the liver and kidneys were collected. These tissue samples were fixed with 4% formaldehyde for 24 hours. After fixation, samples were embedded in paraffin. Xylene and gradient ethanol were used for deparaffinization. Tissue specimens were cut into 5 μm sections and stained with hematoxylin and eosin. Stained signals in specimens were observed and photographed using a light microscope (Nikon Corporation, Tokyo, Japan).

Microcomputed tomography
------------------------

Bone healing was evaluated using microcomputed tomography (μCT) as described previously.[@b34-ijn-10-5941] After implanting the chitosan nanofiber scaffolds into the bone defect sites for 21 days, the animals were sacrificed, and the femurs were collected. After removing the muscle and connective tissues, the femurs were weighed and photographed. X-ray transmission was conducted using a Skyscan 1076 μCT scanner (Skyscan, Antwerp, Belgium). Additionally, trabecular bone production was scanned and quantified using a μCT scanner (Skyscan). The scanning axis nominally coincided with the diaphyseal axis of the control femur. Femurs with a bone defect were scanned using the same parameters (9 μm per slice, 50 kV, 140 μA, 0.5 mm Al filter, 3,300 ms exposure time). High-resolution images of the femurs were generated into a 3D polygonal resampling using an Skyscan 3D-Creator software (Skyscan), and morphometric parameters were calculated for trabecular bone regions of interest (ROIs) using a Skyscan CT-Analyser (Skyscan). Moreover, trabecular bone was analyzed to determine numbers and thickness of trabecular bone. The trabecular pattern factor (TPF), a parameter of trabecular bone connections within an ROI, was estimated using the Skyscan CT analyzer software. A smaller value of the TPF means that trabecular bone was more connected.[@b35-ijn-10-5941]

Bone histomorphometry
---------------------

Bone repair was further assayed using histological analyses as described previously.[@b36-ijn-10-5941] After implantation of chitosan nanofiber scaffolds for 21 days, the animals were sacrificed, and their femurs were collected. At first, these bone samples were cleaned to remove the muscle and the connective tissues. Then, the femurs were fixed in 4% formaldehyde, embedded in paraffin, and cut transversally into 5 μm sections. Xylene and gradient ethanol were used for deparaffinization. The specimen slices were stained with hematoxylin and eosin. Stained images in the bone defect sites were observed and photographed using a light microscope (Nikon Corporation).

Confocal microscopic analysis of Runx2
--------------------------------------

Effects of chitosan nanofiber scaffolds on expression of the transcription factor, Runx2, were analyzed using confocal microscopy as described previously.[@b37-ijn-10-5941] After implantation of chitosan nanofiber scaffolds for 21 days, the animals were sacrificed, and their femurs were collected. After removing the muscle and connective tissues, the bone samples were fixed, embedded, and sliced. A mouse monoclonal antibody against Runx2 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) was used in this study. Immunodetection of Runx2 in the femur was carried out at 4°C overnight. After washing, the slices were sequentially reacted with the secondary antibody and biotin-SP-conjugated AffiniPure anti-mouse immunoglobulin G (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at room temperature for 1 hour. After washing, the third antibody with Cy3-conjugated streptavidin (Jackson ImmunoResearch) was added to the femur slice and allowed to react at room temperature for 30 minutes. A confocal laser scanning microscope (Model FV500; Olympus Corporation, Tokyo, Japan) was utilized for sample observation. The excitation wavelength was set to 568 nm, while a 585 nm long-pass filter was used to collect the emitted light. Images were acquired and quantified using FLUOVIEW software (Olympus Corporation).

Immunohistological analyses of ALP and OCN
------------------------------------------

Effects of chitosan nanofiber scaffolds on levels of ALP and OCN in the bone defect sites were assayed using immunohistology as described previously.[@b36-ijn-10-5941] After implantation of chitosan nanofiber scaffolds for 21 days, the animals were sacrificed. The femurs were removed, collected, and sliced into 5 μM sections. These femur specimen slices were fixed with a fixing reagent (acetone:methanol, 1:1) at −20°C for 10 minutes and incubated with 0.2% Triton X-100 at room temperature for 15 minutes. Immunodetection of ALP and OCN in bone tissues was carried out using polyclonal antibodies against rat ALP and OCN, respectively (Santa Cruz Biotechnology), by incubation at 4°C overnight. After washing, the slices were allowed to react with the secondary antibody at room temperature for 1 hour. Staining signals were visualized after reacting with 3,3′-diaminobenzidine. The specimen slices were observed and photographed using a light microscope (Nikon Corporation).

Immunoblotting analyses of ALP and OCN
--------------------------------------

After treatment, proteins were prepared from control and chitosan nanofiber-treated femurs in ice cold radioimmunoprecipitation assay buffer (25 mM Tris-HCl \[pH 7.2\], 0.1% sodium dodecylsulfate \[SDS\], 1% Triton X-100, 1% sodium deoxycholate, 0.15 M NaCl, and 1 mM EDTA) as described previously.[@b36-ijn-10-5941] To avoid protein degradation, a mixture of proteinase inhibitors, including 1 mM phenyl methyl sulfonyl fluoride, 1 mM sodium orthovanadate, and 5 mg/mL leupeptin, was added to the radioimmunoprecipitation assay buffer. Protein concentrations were quantified by a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Cytosolic proteins (100 mg/well) were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membranes. These membranes were blocked with 5% non-fat milk at 37°C for 1 hour. ALP and OCN were immunodetected using related antibodies (Santa Cruz Biotechnology Inc.). β-Actin was detected using a mouse monoclonal antibody (Sigma-Aldrich) as the internal control. These protein bands were quantified using a digital imaging system (UVtec, Cambridge, UK).

Statistical analyses
--------------------

The statistical significance of differences between the control and chitosan nanofiber-treated groups were evaluated using Student's *t*-test, and differences were considered statistically significant at *P*-values of \<0.05. Statistical analyses between groups over time were carried out by a one-way analysis of variance.

Results
=======

Preparation of chitosan nanofibers
----------------------------------

To prepare uniform chitosan nanofibers, various concentrations of chitosan were fed and tested ([Figure 2](#f2-ijn-10-5941){ref-type="fig"}). In this assay, the other operational parameters were fixed at an applied voltage of 17 kV, a tip-to-collector distance of 12 cm, a flow rate of 0.2 mL/h, and an ambient temperature of 32°C. When the feeding concentration of chitosan was 50 mg/mL, undesirable beads formed ([Figure 2A](#f2-ijn-10-5941){ref-type="fig"}). In comparison, the appearance of beads decreased at 60 mg/mL ([Figure 2B](#f2-ijn-10-5941){ref-type="fig"}). At a concentration of 70 mg/mL, continuous chitosan nanofibers were obtained, and beaded structures were limited ([Figure 2C](#f2-ijn-10-5941){ref-type="fig"}). In contrast, when the concentration of chitosan was as high as 80 mg/mL, uniform chitosan nanofibers were generated with no beads or aggregations, and their average diameter was approximately 200 nm ([Figure 2D](#f2-ijn-10-5941){ref-type="fig"}).

Administration of chitosan nanofiber scaffolds caused no hepatotoxicity or nephrotoxicity
-----------------------------------------------------------------------------------------

Tissue toxicity of chitosan nanofiber scaffolds to the animals was evaluated using histological analyses ([Figure 3](#f3-ijn-10-5941){ref-type="fig"}). After implanting chitosan nanofiber scaffolds into bone defect sites of femurs for 21 days, results by the histological analyses showed that implantation of chitosan nanofiber scaffolds did not change hepatocyte morphologies or cell arrangements in the liver ([Figure 3A](#f3-ijn-10-5941){ref-type="fig"}). In parallel, implantation of chitosan nanofibers scaffolds into the bone defect sites did not cause nephrotoxicity ([Figure 3B](#f3-ijn-10-5941){ref-type="fig"}).

Implantation of chitosan nanofiber scaffolds improved bone healing
------------------------------------------------------------------

Effects of chitosan nanofiber scaffolds on bone repair were evaluated using μCT ([Figure 4](#f4-ijn-10-5941){ref-type="fig"}). Images of X-ray transmission revealed that bone fixing in the damaged site of the right femur spontaneously occurred within 21 days after surgery ([Figure 4A](#f4-ijn-10-5941){ref-type="fig"}, left panel). In comparison, implantation of chitosan nanofiber scaffolds increased the image densities, indicating better bone healing, in the bone defect site of the left femur (right panel). Supplementary analysis by μCT showed production of trabecular bone in the defect site of the right femur after implantation for 21 days ([Figure 4B](#f4-ijn-10-5941){ref-type="fig"}, left panel). Interestingly, compared with the control group, administration of chitosan nanofiber scaffolds into the defect site caused obvious enhancement of production of new trabecular bone (right panel).

Parameters tested and acquired by μCT analyses were quantified and statistically analyzed in order to further verify the effects of chitosan nanofibers on stimulation of bone healing ([Figure 5](#f5-ijn-10-5941){ref-type="fig"}). Implantation of chitosan nanofiber scaffolds into the defect site caused a significant 24% increase in trabecular bone numbers ([Figure 5A](#f5-ijn-10-5941){ref-type="fig"}). In addition, the trabecular bone thickness was meaningfully augmented by 22% following implantation of chitosan nanofiber scaffolds ([Figure 5B](#f5-ijn-10-5941){ref-type="fig"}). In contrast, after administering chitosan nanofiber scaffolds into the bone defect site for 21 days, the TPF was reduced by 19% ([Figure 5C](#f5-ijn-10-5941){ref-type="fig"}).

Bone histomorphometry was also carried out to demonstrate improved bone repair in insulted sites by chitosan nanofiber scaffolds ([Figure 6](#f6-ijn-10-5941){ref-type="fig"}). Twenty-one days after creation of the bone defect, new trabecular bone had been produced and was observed in the defect site of the femurs ([Figure 6](#f6-ijn-10-5941){ref-type="fig"}, left panels). Nevertheless, implantation of chitosan nanofiber scaffolds into the defect site caused a remarkable increase in the manufacture of new trabecular bone compared with the control group (right panels).

Chitosan nanofiber scaffolds enhanced Runx2 expression
------------------------------------------------------

Roles of Runx2, a key transcription factor that controls osteoblast differentiation and maturation, in chitosan nanofiber scaffold-triggered improvement of bone healing were supplementary evaluated ([Figure 7](#f7-ijn-10-5941){ref-type="fig"}). Analysis by confocal microscopy revealed that Runx2 was detected in the bone defect site of the right femur ([Figure 7A](#f7-ijn-10-5941){ref-type="fig"}, left panel). Compared with the control group, implantation of chitosan nanofiber scaffolds into the damaged site of the left femur led to a significant enhancement in Runx2 expression (right panel). These fluorescent signals were quantified and statistically analyzed ([Figure 7B](#f7-ijn-10-5941){ref-type="fig"}). Administration of chitosan nanofiber scaffolds into the bone defect spot led to a 20-fold increase in levels of Runx2.

Chitosan nanofiber scaffolds stimulated syntheses of the bone biomarkers, ALP and OCN
-------------------------------------------------------------------------------------

To determine the mechanism of chitosan nanofiber-induced improvement in bone repair, the Runx2-mediated regulation of gene expressions of the bone biomarkers, ALP and OCN, were determined ([Figure 8](#f8-ijn-10-5941){ref-type="fig"}). Twenty-one days after creation of the bone defects, ALP was immunodetected in the damaged site of the right femurs ([Figure 8A](#f8-ijn-10-5941){ref-type="fig"}, left panel). In comparison, implantation of chitosan nanofiber scaffolds into the bone defect site of the left femur caused a detectable increase in levels of ALP (right panel). In parallel, OCN was immunodetected in the bone defect site of the right femur ([Figure 8B](#f8-ijn-10-5941){ref-type="fig"}, left panel). In contrast, implantation of chitosan nanofiber scaffolds into the bone defect site of the left femur caused a noteworthy elevation in amounts of OCN (right panel). In addition, administration of chitosan nanofiber scaffolds increased levels of ALP and OCN in the bone defect sites ([Figure 8C](#f8-ijn-10-5941){ref-type="fig"}, top two panels, lane 2). Amounts of β-actin were analyzed as the internal controls (bottom panel). These protein bands were quantified and statistically analyzed ([Figure 8D](#f8-ijn-10-5941){ref-type="fig"}). Implantation of chitosan nanofibers caused significant 151% and 79% increases in levels of ALP and OCN, respectively.

Discussion
==========

This translational study shows the beneficial effects of chitosan nanofiber scaffolds on bone healing. In this study, we used a mouse model of bone defects to evaluate the effects of chitosan nanofibers on bone repair. The animal model of bone defects is a mutual and reliable prototype for assessing bone reconstruction and healing.[@b38-ijn-10-5941] Implantation of chitosan nanofiber scaffolds led to significant improvements in bone healing. Uusitalo et al reported that an increase in the production of new trabecular bone can reflect the status of bone remodeling and the process of bone healing.[@b32-ijn-10-5941] This study showed augmentation of the production and thickness of new trabecular bone in the bone defect site. Thus, implantation of chitosan nanofiber scaffolds improved bone healing by raising the quantity and quality of trabecular bone. Also, this study demonstrated that implantation of chitosan nanofibers into mice did not cause hepatotoxicity or nephrotoxicity. Although chitosan is widely used for bone engineering, electrospun products of chitosan possess higher surface areas and porosity.[@b10-ijn-10-5941],[@b12-ijn-10-5941],[@b13-ijn-10-5941],[@b16-ijn-10-5941] Moreover, our previous study showed that seeding osteoblasts onto chitosan nanofiber scaffolds can promote cell proliferation and maturation.[@b22-ijn-10-5941] Therefore, our previous and present studies provide in vitro and in vivo data to verify the advantageous properties of chitosan nanofiber scaffolds on improving osteoblast activities and bone healing. Chitosan nanofibers can be comprised with other materials to emulate bone properties. For example, electrospun hydroxyapatite-containing chitosan nanofibers with compositional and structural features close to the natural mineralized nanofibril counterparts can facilitate differentiation and maturation of osteoblasts.[@b39-ijn-10-5941],[@b40-ijn-10-5941] Zhang et al reported that electrospun hydroxyapatite/collagen/chitosan composite worked as a highly biomimetic and bioactive nanofibrous structure and could stimulate osteoregeneration.[@b41-ijn-10-5941] Recently, Sambudi et al reported a more suitable environment provided by the chitosan/poly(vinyl alcohol) reinforced with CaCO~3~ for cell growth than the chitosan/poly(vinyl alcohol) and the chitosan/poly(vinyl alcohol) reinforced with apatite.[@b42-ijn-10-5941] In comparison, the present study used an animal model to demonstrate the beneficial effects of chitosan nanofibers on improvement of bone healing. Bone fractures are a common accident of modern people. Moreover, osteoporosis-associated bone fractures are a major risk factor for disability and even death of patients with osteoporosis.[@b4-ijn-10-5941] Nonetheless, no effective drug has been developed for treating bone fractures so far. The present results indicate the potential of chitosan nanofiber scaffolds for therapy of bone defects and fractures.

We efficaciously created uniform electrospun nanofibers of chitosan. The applicable ranges and optimization of operational parameters were initially tested for electrospinning of chitosan ([Table 1](#t1-ijn-10-5941){ref-type="table"}). The entanglement force was dominated by chitosan concentrations and temperatures, while the strength of the electrostatic force was related to applied voltages, discharge distances, and feeding rates. By applying these parameters in appropriate ranges, continuous nanofibers were produced. In this study, we fabricated uniform chitosan nanofibers with highly consistent and nanoscale diameters, limited beads, and very little agglomeration when the optimized conditions were used, which was achieved by an equilibrium between repulsion Columbic forces and entanglement forces. Although the electrospinning of pure chitosan was carried out in a few previous studies,[@b43-ijn-10-5941],[@b44-ijn-10-5941] this was the first research to systematically optimize all of the operational parameters for the electrospinning of chitosan using TFA/DCM as the co-solvents. Our results indicate that a concentrated chitosan solution was beneficial for fabricating continuous and uniform nanofibers, which was in agreement with previous findings from the electrospinning of poly(lactic acid) and poly(ethylene oxide).[@b45-ijn-10-5941],[@b46-ijn-10-5941] In addition, previous studies reported that there was a lower limit of chitosan concentrations for forming nanofibers because a low chitosan concentration was insufficient to provide intramolecular entanglement forces to maintain a continuous electrospinning jet.[@b43-ijn-10-5941],[@b44-ijn-10-5941] The entanglement force increased with the polymer concentration that prevented the thinning process in the formation of nanofibers by resisting the repulsion Columbic forces in electrospinning.[@b45-ijn-10-5941] In other words, a balance between viscous and electrostatic forces is necessary to produce uniform electrospun chitosan nanofibers.

Chitosan nanofibers can trigger the production of new trabecular bone and then improve bone healing. Trabecular bone is one of two typical osseous tissues that are involved in bone formation.[@b47-ijn-10-5941] Analysis by μCT showed that after implantation of chitosan nanofiber scaffolds, the trabecular bone numbers were significantly higher. A similar result was confirmed by a bone histomorphometric assessment. An increase in the production of new trabecular bone implies enhancement of metabolic rates in the bone microenvironment, reflecting the status of bone healing.[@b32-ijn-10-5941] Furthermore, our results showed that chitosan nanofibers augmented the thickness of trabecular bone. Thicker trabecular bone indicates a better mechanic load distribution, which is helpful for bone recovery.[@b48-ijn-10-5941] Administration of chitosan nanofiber scaffolds to mice suffering from a bone defect caused a significant reduction in the TPF value. TPF is a histomorphometric parameter that simply quantifies the bone microarchitecture.[@b49-ijn-10-5941] A decrease in the TPF value characterizes stronger trabecular connectivity.[@b35-ijn-10-5941] Our present results from imaging, parameter, and histomorphometric analyses showed that implantation of chitosan nanofiber scaffolds enhanced the production, thickness, and connectivity of trabecular bone. Consequently, chitosan nanofibers can improve the processing of bone remodeling and fixing. Runx2 contributes to chitosan nanofiber-induced development of bone repair. Implantation of chitosan nanofiber scaffolds into the bone defect site led to substantial enhancement of Runx2 expression compared with the control group. Osteogenesis is a crucial stage in bone formation and remodeling.[@b7-ijn-10-5941] Throughout osteogenic differentiation, Runx2 gene expression can be regulated by bone morphogenetic proteins.[@b50-ijn-10-5941] Previous studies proposed that chitosan nanofibers may induce Runx2 gene expression in osteoblasts via the bone morphogenetic protein signaling pathway.[@b22-ijn-10-5941],[@b51-ijn-10-5941] Proliferation, differentiation, and maturation of osteoblasts are positively related to the rate of osteogenesis.[@b8-ijn-10-5941] Multiple genes are involved in regulating osteoblast activities and osteogenesis.[@b4-ijn-10-5941],[@b6-ijn-10-5941] Runx2 is an indispensable transcription factor for regulating these osteogenesis-related gene expressions.[@b26-ijn-10-5941] A previous study reported that loading stress-induced upregulation of Runx2 in the rat ulna was closely associated with improvements in fracture healing.[@b27-ijn-10-5941] Under inflammation, levels of Runx2 in osteoblasts were augmented, induced antiapoptotic *Bcl-2* gene expression, and protected cells against apoptotic insults.[@b31-ijn-10-5941] In our previous study, we also showed that chitosan nanofiber scaffolds could trigger osteoblast proliferation and maturation through a Runx2-dependent pathway.[@b22-ijn-10-5941] Therefore, implantation of chitosan nanofiber scaffolds into the bone defect site effectively improved bone healing through Runx2-mediated regulation of certain osteogenesis-related gene expressions.

Chitosan nanofibers can induce ALP and OCN expressions and then improve bone repair. Following implantation of chitosan nanofiber scaffolds, levels of ALP in the defect site increased. ALP, a typical bone marker, functionally participates in regulating osteoblast activities.[@b28-ijn-10-5941] Augmentation of ALP correspondingly specifies growth in osteoblast proliferation and maturation. The present results confirm our previous findings that chitosan nanofibers can induce osteoblast growth and mineralization.[@b22-ijn-10-5941] In addition, amounts of OCN in the bone defect site were concurrently enhanced following treatment with chitosan nanofiber scaffolds. OCN is an early osteoblast marker that controls osteoblast differentiation and bone ECM mineralization.[@b29-ijn-10-5941] Runx2 was also demonstrated to transcriptionally regulate OCN and ALP gene expressions.[@b52-ijn-10-5941] A previous study further showed that Runx2 stimulated differentiation of multipotential mesenchymal ROB-C26 cells into mature osteoblasts via regulating OCN and ALP gene expressions.[@b30-ijn-10-5941] Hence, chitosan nanofiber scaffolds may induce OCN and ALP expressions through upregulating Runx2 levels in bone-insult sites. ECM mineralization and osteoblast maturation are two final stages in the process of osteogenesis.[@b8-ijn-10-5941],[@b49-ijn-10-5941] Our previous study proved the beneficial action of chitosan nanofiber scaffolds on osteoblast mineralization.[@b22-ijn-10-5941] Therefore, our results propose that implantation of chitosan nanofiber scaffolds induces Runx2-mediated ALP and OCN expressions and then stimulates osteogenesis and bone healing.

Conclusion
==========

In summary, we successfully produced uniform chitosan nanofiber scaffolds at the nanoscale. This study separately created an animal model of bone defects to examine effects of chitosan nanofiber scaffolds on bone healing. Our results present the beneficial properties of chitosan nanofiber scaffolds on improving bone remodeling and fixation. Analyses by μCT further demonstrated that implantation of chitosan nanofiber scaffolds caused significant augmentation in the number and thickness of trabecular bone and a reduction in TPF values. In addition, bone histomorphometric assessments also showed improved effects of chitosan nanofiber scaffolds on the production of new trabecular bone. As to the mechanism, analysis by confocal microscopy revealed that implantation of chitosan nanofiber scaffolds significantly augmented levels of Runx2 in the defect site. Sequentially, amounts of OCN and ALP in the bone damaged site were raised following implantation of chitosan nanofiber scaffolds. Therefore, this study shows beneficial effects of chitosan nanofiber scaffolds on stimulating bone healing through enhancing the production, thickness, and connectivity of trabecular bone. The molecular mechanisms of chitosan nanofiber-induced improvement of bone repair may be via Runx2-mediated regulation of ALP and OCN gene expressions. Our present results designate the clinical potential of chitosan nanofiber scaffolds for therapy of bone diseases such as bone defects, as well as common and osteoporosis-related bone fractures.
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![An animal model of bone defects.\
**Notes:** Male C57LB/L mice were anesthetized, and a metaphyseal bone defect was drilled in the proximal femur (**A**). After rinsing in phosphate-buffered saline and subsequent exposure to ultraviolet light for 30 minutes, chitosan nanofiber scaffolds were implanted into the bone defect (**B**). The wound was sutured, and the animals were allowed free unrestricted weight-bearing after recovery from anesthesia. Only one defect was created in each proximal femur of an animal, and totally nine animals were treated in this study. Arrows indicate the bone defect sites.](ijn-10-5941Fig1){#f1-ijn-10-5941}

![Preparation of electrospun chitosan nanofibers.\
**Notes:** Chitosan at 50 mg/mL (**A**), 60 mg/mL (**B**), 70 mg/mL (**C**), and 80 mg/mL (**D**) was separately dissolved in the electrospinning solutions and electrospun into different chitosan nanofibers. The surface morphologies of these electrospun chitosan nanofibers were observed and photographed using scanning electron microscopy at 5,000×.](ijn-10-5941Fig2){#f2-ijn-10-5941}

![Toxicities of chitosan nanofibers to the liver and kidneys.\
**Notes:** Bone defects were surgically created in the proximal femurs of male C57LB/L mice, and chitosan nanofibers were implanted into one defect for 21 days. After that period, animals were sacrificed, and the liver and kidneys were removed, cleaned, and weighed. These samples were fixed with paraformaldehyde and embedded in paraffin. Following slicing, liver (**A**) and kidney (**B**) specimens prepared from control (left panels) and chitosan nanofiber-treated (right panels) animals were stained with hematoxylin and eosin and observed and photographed under a light microscope at 200×. Only one defect was created in each proximal femur of an animal, and totally nine animals were treated in this study.](ijn-10-5941Fig3){#f3-ijn-10-5941}

![Effects of chitosan nanofiber scaffolds on trabecular bone production.\
**Notes:** Bone defects were surgically created in the proximal femurs of male C57LB/L mice, and chitosan nanofibers were implanted into one defect for 21 days. After that period, animals were sacrificed, and the femurs were collected for analysis by μCT. The X-ray transmission images (**A**) and trabecular bone images (**B**) of the bone defects (red circles) in control and chitosan nanofiber scaffold-treated femurs are shown. Only one defect was created in each proximal femur of an animal, and totally nine animals were treated in this study.\
**Abbreviation:** μCT, microcomputed tomography.](ijn-10-5941Fig4){#f4-ijn-10-5941}

![Improved effects of chitosan nanofiber scaffolds on bone healing.\
**Notes:** Bone defects were surgically created in the proximal femurs of male C57LB/L mice, and chitosan nanofibers were implanted into one defect for 21 days. Only one defect was created in each proximal femur of an animal. After that period, animals were sacrificed, and the femurs were collected for analysis by μCT. The trabecular bone number (**A**), trabecular bone thickness (**B**), and trabecular parameter factor (**C**) were calculated and statistically analyzed. Each value represents the mean ± SEM for n=9. \*Indicates that values significantly differed from the respective control, *P*\<0.05.\
**Abbreviations:** μCT, microcomputed tomography; SEM, standard error of mean.](ijn-10-5941Fig5){#f5-ijn-10-5941}

![Effects of chitosan nanofiber scaffolds on bone healing using bone histomorphometry.\
**Notes:** Bone defects were surgically created in the proximal femurs of male C57LB/L mice, and chitosan nanofibers were implanted into one defect for 21 days. After that period, animals were sacrificed, and the femurs were collected for a histological analysis. After removing the muscle and connective tissues, the femurs were decalcified, fixed, embedded in paraffin, and then sliced. These specimens were stained with hematoxylin and eosin. The stained signals were observed and photographed under a light microscope. Thin arrows indicate new bone areas, and thick arrows designate areas where the scaffolds were located. Only one defect was created in each proximal femur of an animal, and totally nine animals were treated in this study.](ijn-10-5941Fig6){#f6-ijn-10-5941}

![Effects of chitosan nanofiber scaffolds on levels of the transcriptional factor, Runx2, in bone defects.\
**Notes:** Bone defects were created in the proximal femurs of male C57LB/L mice, and chitosan nanofibers were implanted into one defect for 21 days. Only one defect was created in each proximal femur of an animal. After that period, animals were sacrificed, and the femurs were collected for an immunohistological analysis of Runx2. After removing the muscle and connective tissues, the femurs were decalcified, fixed, embedded in paraffin, and then sliced. Levels of Runx2 were immunodetected by confocal microscopy (**A**). The fluorescent signals were quantified and statistically analyzed (**B**). Each value represents the mean ± SEM for n=9. \*Indicates that values significantly differed from the respective control, *P*\<0.05.\
**Abbreviations:** Runx2, Runt-related transcription factor 2; SEM, standard error of mean.](ijn-10-5941Fig7){#f7-ijn-10-5941}

![Effects of chitosan nanofibers on expressions of ALP and OCN in bone defects.\
**Notes:** Bone defects were surgically created in the proximal femurs of male C57LB/L mice, and chitosan nanofiber scaffolds were implanted into one defect for 21 days. Only one defect was created in each proximal femur of an animal. After that period, animals were sacrificed, and the femurs were collected for immunohistological analyses of ALP (**A**) and OCN (**B**). Arrows/arrowheads indicate expressions of ALP and OCN. Proteins were prepared from control and chitosan nanofiber-treated femurs for immunoblotting analyses of ALP and OCN (**C**, top two panels). Amounts of β-actin were analyzed as the internal controls (bottom panel). These protein bands were quantified and statistically analyzed (**D**). Each value represents the mean ± SEM for n=6. \*Indicates that values significantly differed from the respective control, *P*\<0.05, 200×.\
**Abbreviations:** ALP, alkaline phosphatase; OCN, osteocalcin; SEM, standard error of mean.](ijn-10-5941Fig8){#f8-ijn-10-5941}

###### 

Applicable ranges and optimized values of operational parameters for preparing chitosan electrospinning nanofibers

  Parameter                                        Range of values   Optimal condition
  ------------------------------------------------ ----------------- -------------------
  Chitosan concentration (mg/mL)                   50--80            80
  Applied voltage (kV)                             10--20            17
  Distance between the needle and collector (cm)   8--16             12
  Feed rate (mL/h)                                 0.2--0.5          0.2
  Solution temperature (°C)                        20--32            32
  Chamber temperature (°C)                         24--37            32
